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a b s t r a c t
-1,3–1,4-Glucanases (E.C. 3.2.1.73) hydrolyze linked-d-glucans, such as lichenan and barley-glucan.
Recombinant -1,3–1,4-glucanase from Bacillus subtilis expressed in Escherichia coli and puriﬁed by Ni-
NTA chromatography exhibited optimum activity at 50 ◦C and pH 6.0. The catalytic half-life at 60 ◦C
decreased from 90 to 5min when the enzymewas incubated in the presence and absence of Ca2+ respec-eywords:
acillus subtilis
-1,3–1,4-Glucanase
inetics
-ray crystallography
tively. The kinetic parameters of lichenan hydrolysis were 2695, 3.1 and 1220 for Vmax (mol/min/mg),
Km (mgmL−1) and Kcat (s−1), respectively. Analysis by DLS, AUC and SAXS demonstrated the enzyme is
monomeric in solution. Chemical denaturation monitored by ITFE and far-UV CD yielded GH2O values
of 9.6 and 9.1 kcal/mol, respectively, showing that the enzyme has intermediate stability when com-
pared with other Bacillus -1,3–1,4-glucanases. The crystal structure shows the anti-parallel jelly-roll
GH16
ly dethemical denaturation -sheet conserved in all
sp. enzymes that are like
. Introduction
-1,3–1,4-d-Glucans are abundant linear polysaccharides
resent in the cell walls of cereal endosperm, representing up to
.5% dry weight of grains and 75% of the carbohydrates in barley
ndosperm [1]. They are formed from-d-glucosyl residues linked
y -1,3 and -1,4 glycosidic bonds where the proportion of -1,3
inkages varies between 25 and 30% [2]. A mixed linkage -glucan
s also found in the lichen Cetraria islandica inwhich the proportion
f -1,3 and -1,4 linkages is approximately 1:1 [3].
Bacterial -1,3–1,4-glucanases (EC 3.2.1.73; lichenase) are
embers of the glycosyl hydrolase family 16 (GH16), and
peciﬁcally cleave the -1,4-glycosidic linkage adjacent to
-O-substituted glucopyranose residues. The enzymatic depoly-
erisation of -glucan releases mainly tri- and tetrasaccharides,
nd the enzyme has no detectable effect on -1,4-d-glucan,
arboxymethylcellulose or on -1,3-d-glucans (laminaran) [4].
-1,3–1,4-Glucanases have potential in several industrial applica-
ions. Exogenous -1,3–1,4-glucanases have been used to reduce
Abbreviations: Ni-NTA, nickel-nitrilotriacetic acid; DNS, dinitrosalicylic acid;
LS, dynamic light scattering; AUC, analytical ultracentrifugation; SAXS, small angle
-ray scattering; ITFE, intrinsic tryptophan ﬂuorescence emission; CD, circular
ichroism.
∗ Corresponding author. Tel.: +55 16 3602 3875; fax: +55 16 3602 3848.
E-mail address: rjward@fmrp.usp.br (R.J. Ward).
359-5113© 2011 Elsevier Ltd.
oi:10.1016/j.procbio.2011.01.037
Open access under the Elsevier OA license.-1,3–1,4-glucanases, with the amino acid differences between Bacillus
erminants of stability being distributed throughout the protein.
© 2011 Elsevier Ltd.
the viscosity of complex barley -glucans during the mashing pro-
cess in the brewing industry and can also improve the -glucan
digestibility in poultry and swine feed stuffs [5,6]. -Glucans are
abundant cell wall constituents of sugarcane [7], and the inclusion
of -1,3–1,4-glucanases in hydrolase cocktails has been proposed
to improve the release of fermentable sugars from lignocellulosic
feedstocks in biofuel production [8].
Bacillus spp. are a rich source of -1,3–1,4-glucanases, and the
enzyme has previously been isolated from Bacillus brevis, Bacillus
licheniformis, Bacillus subtilis, Bacillus circulans and Bacillus halo-
durans [9]. These lichenases have molecular masses of 25–30kDa,
showing basic isoelectric points (pI 7.5–9.0) and neutral pH optima
(6–7.5). The active site contains a conserved amino acid motif
“EIDIEF”, in which the two glutamic acid residues are involved in
an acid/base and nucleophile hydrolysis mechanism [10]. Here we
report the cloning of the bglS gene, which encodes the -1,3–1,4-
glucanase fromB. subtilis strain168, togetherwith theheterologous
expression in Escherichia coli and the biochemical and structural
characterization of the enzyme.
2. Materials and methods
Open access under the Elsevier OA license.2.1. Cloning of the bglS gene
Genomic DNA was extracted from overnight cultures of B. subtilis 168
(ATCC 23857) by the Triton-prep method [11], and used as a template to
amplify the bglS coding sequence (GeneID: 937470) by PCR with primers
5′-CCTTAAGCTTGCTAGCCAAACAGGTGGATCGTTTTTTGA-3′ (forward) and 5′-
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ATATTGCAGCAGGATCCTTCACATTTGG-3′ (reverse). Restriction sites for HindIII
nd NheI (forward) and BamHI (reverse) are underlined. The PCR product was
igested with HindIII and BamHI (Fermentas – Vilnius, Lithuania) and ligated
nto the corresponding sites of the pT7T3-18U vector (GE Healthcare, Pittsburgh,
A, USA). The bglS coding sequence was subcloned into the pET28a(+) plasmid
Novagen, Madison, WI, USA) using NheI and BamHI cleavage sites, to create the
ector pET28a-bglS. The correct construct was conﬁrmed by dideoxy nucleotide
equencing.
.2. Protein expression and puriﬁcation
E. coli BL21 (DE3) transformed with pET28a-bglS were grown to an OD600 of 0.6
n 1 L shake ﬂasks containing 200mL HDM medium (25g L−1 yeast extract, 15 g L−1
ryptone and 10mM MgSO4). After 4h induction with IPTG, cells were pelleted and
ransferred to 10mL of lysis buffer (100mM HEPES pH 7.5, 1mM phenylmethyl-
ulfonyl ﬂuoride, 300mM NaCl, 20mM imidazole and 1% (v/v) Triton X100). After
isruption by sonication, cell debris was removed by centrifugation, and the super-
atant was applied to a nickel afﬁnity column (Promega – Madison, USA) and
he protein was puriﬁed according to the manufacturer’s recommendations, using
0mMand300mMof imidazole inwashandelutionbuffers respectively. Theeluted
rotein was visualized by SDS–PAGE and protein concentration was determined by
he Bradford method [12].
.3. Enzyme assays and biochemical characterization
-1,3–1,4-Glucanase activity was assayed by reducing sugar release from
ichenan substrate (MP Biomedical – Solon, USA) using the 3,5-dinitrosalicylic acid
DNS) method [13]. The assay mixture (0.5% (w/v) lichenan, 50mM MES, pH 6.0)
as incubated with enzyme for 10min and the reaction was stopped by the addi-
ion of the DNS reagent. Reducing sugar release was quantiﬁed by measuring the
540, and comparing to a glucose standard. All assays were performed in triplicate.
ne activity unit (U) was the amount of enzyme releasing 1mol of reducing sugar
rom lichenan per minute, and speciﬁc activity the activity units per milligram of
nzyme.
The optimal temperature was determined by incubating the reaction mixture
or 10min at pH 6.0 at temperatures from 20 ◦C to 70 ◦C. For determination of the
eat stability, the puriﬁed enzyme fractions (1M) were dialyzed against buffers
ontaining 20mM HEPES pH 7.0 either with or without 5mM CaCl2. The dialyzed
nzyme sampleswere incubated at 60 ◦C and aliquotswerewithdrawn after regular
ime intervals and immediately cooled on ice. Residual activities were determined
sing the DNS assay. The effect of pH on activity was determined at 50 ◦C in 50mM
uffers over the pH range of 4–9 (acetate buffer – pH 4–5; MES – pH 5.5–6.5;
OPS – pH7–7.5; Tris–HCl – pH 8–9). For kinetic parameter determination, puriﬁed
nzymes (20nM) were incubated at 50 ◦C with different concentrations of lichenan
0.1–1%) diluted in 50mMMES pH 6.0. Kinetic data were determined using SigrafW
oftware [14].
.4. Crystallization, X-ray data collection and structure determination
Protein crystallization was performed using the vapor-diffusion method with a
oneyBee 963 robot (Genomic Solutions Inc. – Ann Arbor, MI, USA). Sitting drops
ere prepared by mixing 0.5L of -1,3–1,4-glucanase at 47.5mgmL−1 (in 20mM
EPES, 100mM NaCl, 2mM CaCl2, pH 7.5) with an equal volume of mother liquor
ndwere equilibrated against 80L of the solution at 18 ◦C. Crystalswithmaximum
imensions of 200m grew in 0.1M bis–tris propane pH 7.0, 1M lithium sulfate.
single crystal was placed in a 1L drop containing 25% (v/v) of glucose solution
1.7M), 75% (v/v) ofmother liquor and left to evaporate for 4min at 25 ◦C. The crystal
as then ﬂash-cooled in a 100K nitrogen gas stream. Crystals treated in this way
iffracted to 2.0 A˚ resolution. X-ray diffraction data were collected at the W01B-
X2 beamline (Brazilian Synchrotron Light Laboratory, Campinas, Brazil) [15]. A
otal of 39 images were collected with an oscillation angle of 1◦ . Data were indexed,
ntegrated and scaled using the HKL2000 package [16].
The structure was determined by molecular replacement [17] using the atomic
oordinates of the-1,3–1,4-glucanase from B. licheniformis (PDB: 1GBG) [18] as the
earch model. The structure was reﬁned by cycles of manual model building based
n inspection of 2Fo–Fc and Fo–Fc maps using the program COOT [19] together with
aximum-likelihood isotropic restrained reﬁnement using the program REFMAC5
20]. Water molecules were manually added at ﬁnal stages. Stereochemistry of the
odels was analyzed with the program Molprobity [21]. The atomic coordinates for
he B. subtilis-1,3–1,4-glucanasewere deposited in the PDB database as entry code
O5S.
.5. Determination of molecular dimensionsSmall angle X-ray scattering (SAXS) data were collected on the D02A/SAXS2
eamline at the Brazilian Synchrotron Light Laboratory using awavelength of 1.48 A˚
nd a 165mmMarCCDdetector for data collection. The sample-to-detector distance
as set to 1068.04mm, and data in the range from 0.19nm−1 to 2.5nm−1 were
ollected using protein samples at 4, 6 and 10mgmL−1 in 20mMHEPES–HCl buffer,
H 7.5. Exposures of 600 s were recorded to minimize radiation-induced proteinistry 46 (2011) 1202–1206 1203
damage, and buffer baselines for solvent correction were collected both before and
after sample data collection. Background scatteringwas subtracted from the protein
scattering pattern and then normalized. Fitting of the experimental data was as
previously described [22].
Dynamic light scattering (DLS) experiments were carried out at 20 ◦C at 1.0 and
10mgmL−1 protein concentrations using a DynaPro MS/X (Wyatt Technology Cor-
poration – Santa Barbara, USA) apparatus at 830nm with the laser output power at
30mW. Five measurements per second were made for each 10 s run, and experi-
ments were repeated at 30min intervals to check sample stability. Hydrodynamic
parameters were determined using the software Dynamics V6.3.40 supplied with
the apparatus.
Analytical ultracentrifugation (AUC) was performed at protein concentrations
of 5, 10 and 15M in 20mM HEPES–HCl pH 7.5, 100mM NaCl and 2mM CaCl2
at 144,400× g and 293K in an XL-A analytical ultracentrifuge (Beckman-Coulter
Inc., Brea, CA, USA) equipped with a UV–vis optics for recording at 280nm, using
an An50Ti rotor and 12mm double-sector centrepieces. Sedimentation coefﬁcient
distributionswere calculated by least-squares boundarymodeling of sedimentation
velocity data using the c(s) method [23], and s-values were corrected to standard
conditions (water, 20 ◦C and inﬁnite protein dilution) with the SEDNTERP program
[24].
2.6. CD spectroscopy
Far–UVCDspectraof-1,3–1,4-glucanase recombinantproteinsweremeasured
between 190 and 260nm in 10mM phosphate buffer, pH 6.0 at 25 ◦C with a Jasco J-
810 spectropolarimeter (Jasco Inc. – Tokyo, Japan) using 2mmpath-length cuvettes
and a protein concentration of 0.1mgmL−1. A total of six spectra were collected,
averaged and corrected by subtraction of a buffer blank.
2.7. Chemical and thermal denaturation
Chemical unfolding was measured from the changes in secondary and tertiary
structures by CD (circular dichroism) and ITFE (intrinsic tryptophan ﬂuorescence
emission) respectively. Protein samples at 0.4mgmL−1 were mixed with guanidine
hydrochloride (8M solution, Sigma – St. Louis, USA) to ﬁnal denaturant concentra-
tions between 0 and 2.5M and incubated for 1h at 20 ◦C. Changes in the CD and
ITFE spectra were used to estimate the Gibbs free energy of unfolding (GH2O) and
unfolding cooperativity (mD, the slope describing the dependence of GH2O on the
denaturant concentration) assuming a two-state unfoldingmodel for amonomer as
previously described [25].
3. Results and discussion
3.1. Expression of heterologous BglS
The bglS gene was successfully expressed as a soluble protein
in E. coli BL21 (DE3) (Fig. S1A) and protein puriﬁcation by Ni-
afﬁnity chromatography produced protein at a concentration of
0.36mgmL−1, with 7-fold puriﬁcation with a yield of 71%. Protein
fractionswereanalyzedby12%SDS–PAGEandasingleproteinband
was observed after the ﬁnal puriﬁcation step (Fig. S1B), indicating
that the expressed protein is homogeneous and has a molecular
weight of 28kDa, including the additional His-tag sequence (of
2.5 kDa) added to the N-terminus from the pET28a vector.
3.2. Biochemical and kinetic properties of the recombinant
enzyme
Biochemical parameters of the recombinant -1,3–1,4-
glucanase were determined using lichenan as substrate. Fig. 1A
and B shows that the enzyme presents an optimum pH and
temperature of 6.0 and 50 ◦C, respectively. Thermostability assays
demonstrated that the enzyme retained less than 40% of its
activity after 10min incubation at 60 ◦C in the absence of Ca2+
(Fig. 1C). The optimum pH was similar to that previously observed
by Qiao et al. [26] for the -1,3–1,4-glucanase from B. subtilis
MA139, which shows 93% of amino acid sequence identity with
the enzyme used in the present study. In contrast, the optimum
temperature of activity for the B. subtilis MA139 enzymewas 40 ◦C.
The -1,3–1,4-glucanase used in our work showed similar pH and
temperature optima as the recombinant Bacteroides succinogenes
glucanase expressed in E. coli [27].
Journal Identiﬁcation = PRBI Article Identiﬁcation = 9168 Date: March 22, 2011 Time: 7:20pm
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Fig. 1. Effects of pH (A) and temperature (B) on relative activity of recombinant -
1,3–1,4-glucanase. (C) Thermal inactivation of puriﬁed recombinant enzyme (1M)
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and the crystal structureof the enzymeshows the substratebindingt 60 ◦C in the absence () and presence () of 5mM CaCl2. Samples were with-
rawn at intervals up to 90min and residual activity were measured. Assays were
erformed in triplicate by DNS method using lichenan as substrate.
The -1,3–1,4-glucanase from B. subtilis 168 showed low tol-
rance to incubation at 60 ◦C (Fig. 1C) in the absence of Ca2+, and
his limited thermotolerance is a common feature of bacterial and
ungal -1,3–1,4-glucanases [5,28]. The presence of calcium ions
n the medium signiﬁcantly increases the thermotolerance of the
nzymesuch that a50%of the activity is lost after 90min incubation
t 60 ◦C (Fig. 1C). This result is in agreement with previous results
hich have demonstrated the importance of Ca2+ ions for the stabi-ization of -1,3–1,4-glucanases [29]. Hybrid glucanases in which
art of the primary sequence of the enzyme is replaced by a related
equence of the orthologous enzyme from another microorganism
lso demonstrate enhanced thermostability, probably bymaximiz-istry 46 (2011) 1202–1206
ing short-range interactions suchashydrogenbondingbetween the
N-terminus and the core of the molecule [30].
The calculated kinetic parameters of the puriﬁed enzyme
against the lichenan substrate were 2695±317; 3.1±0.37 and
1222±144 for Vmax (mol/min/mg), Km (mgmL−1) and Kcat (s−1),
respectively. The calculated value for catalytic efﬁciency (Kcat/Km)
was 394.2mLmg−1 s−1. These values are similar to those observed
for other Bacillus lichenases [9].
3.3. Crystal structure of the B. subtilis 168 ˇ-1,3–1,4-glucanase
The structure of -1,3–1,4-glucanase was solved by molecular
replacement methods and reﬁned to an Rfactor of 24.9% and Rfree
of 29.2% (Table S1). All residues are found in the allowed region of
Ramachandran plot, with the majority (98.1%) in favored regions.
The protein structure presents two juxtaposed curved anti-parallel
-sheets, consisting of 7 and 8 strands respectively, forming a
single compact globular domain containing a broad substrate-
binding channel (Fig. 2A). The active site comprises an extended
surface cleft whosewalls are formed by surface loops and-helical
elements with -strands constituting the base. Superposition of
the B. subtilis -1,3–1,4-glucanase structure with B. licheniformis
orthologue indicates avery similar three-dimensional arrangement
(main-chain atom r.m.s.d. of 0.38 A˚). Although these two proteins
share 91% amino acid identity, surprisingly Cys60 and Cys89 do not
form a disulﬁde bridge in the B. subtilis -1,3–1,4-glucanase struc-
ture, even though no reducing agents were used during protein
puriﬁcation and crystallization.
The active site cleft of the enzyme presents a negatively charged
crevice surrounded by a number of aromatic residues (Fig. 2B).
A single molecule of bis–tris-propane was found in the active-
site cleft, forming hydrogen bonds with the nucleophile Glu133
(2.62 A˚), theacid catalystGlu137 (2.56 A˚), Tyr151 (2.83 A˚) andwater
mediated hydrogen bonds with Asn210, Asn56, Asn149, Gln147,
Glu159 (Fig. 2C). On the opposite face of the active site, a single cal-
cium ion (Fig. 2A) was coordinated by backbone carbonyl oxygen
atoms from Pro37, Gly73, Asp235, a carboxylate oxygen of Asp235
and two water molecules, as previously observed in the B. licheni-
formishomologue [18]. These amino-acids are located in the1–2
loop, in the 3–4 loop and in the 15 strand respectively, show-
ing that the stabilizing effect of the calcium stabilization is due to
cross-linking of these regions.
3.4. Lichenase oligomeric state
The oligomeric state of the enzyme was assessed by SAXS, DLS
and AUC. Analysis of SAXS data revealed a maximum dimension of
55 A˚ and a radius of gyration of 17.9±0.02 A˚, and revealed amolec-
ular shape that is fully consistentwith the crystal structure inwhich
the active site cleft is clearly visible (Fig. S2). DLS and AUC also
corroborated the SAXS results indicating a hydrodynamic radius
of 19 A˚ and molecular weight of 28.6 kDa, respectively. All results
therefore indicate a monomeric state for the -1,3–1,4-glucanase
in solution.
3.5. Circular dichroism
The far–UV CD spectrumof the puriﬁed enzyme at pH 6.0 shows
bands at 200nm (positive) and 215–200nm (negative) (Fig. 3A),
and is consistent with the high -sheet content observed in the
crystal structure. A positive band around 230nmwas also observedcleft is rich in aromatic residues, and that Trp212 forms non-
covalent contacts with both Trp62 and Trp220. The distances and
orientations between these 3 tryptophan residues are within the
constraints for electronic coupling, andwe suggest that the 230nm
Journal Identiﬁcation = PRBI Article Identiﬁcation = 9168 Date: March 22, 2011 Time: 7:20pm
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Fig. 2. Crystal structure of the Bacillus subtilis -1,3–1,4 glucanase. (A) Cartoon representation of the structure showing residues differing from B. licheniformis homologue
in yellow, bis–tris-propane molecule in green and the calcium ion as a red sphere. (B) Electrostatic surface colored by charge, from red (−) to blue (+). (C) Active site cleft
showing interactions between bis–tris-propane molecule (green), protein residues (yellow) and water molecules (red spheres). (For interpretation of the references to color
in this ﬁgure legend, the reader is referred to the web version of the article.)
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enaturation by guanidine hydrochloride monitored by CD (closed squares) and ﬂ
espectively). (C) Thermal denaturation in different pHs, analyzed by CD at 218nm
and observed in the far–UV CD spectrum is derived from the Bb
ransition of these tryptophan residues [31]. A similar band was
bserved for Bacillus macerans -1,3–1,4-glucanase [32], in which
he relative positions of all three Trp residues are conserved in the
hree-dimensional structure.
.6. Chemical and thermal denaturation
The chemical denaturation curves of the enzyme measured
y CD and ITFE show very similar proﬁles (Fig. 3B), showing
hat the transitions in the secondary and tertiary structures are
oncomitant. This result is consistent with a two-state unfold-
ng process of the single domain monomeric protein with no
nfolding intermediates. Thermodynamic stability estimates for
he -1,3–1,4-glucanase (GH2O) from the CD and ITFE chemi-
al denaturation data are 9.1 and 9.6 kcal/mol with mD values of
.9 and 7.2 kcal/mol/M, respectively. The protein shows a rela-
ively low stability in the presence of chaotropic agents with the
uanidine concentration resulting in 50% unfolding of 1.3M in both
he CD and ITFE experiments. The thermal stability of the protein
as assessed at different pHs (Fig. 3C), which reveals that the Tm
the temperature at which 50% of the protein is unfolded) var-
ed from 48.0 ◦C at pH 7 to a maximum of 50.8 ◦C at pH 5. The
alues of GH2O show an intermediate stability of the B. subtilised at a protein concentration of 0.1mgmL−1 in 2mm path cuvettes. (B) Chemical
cence (open squares) and the ﬁtted curves for each case (solid and dotted lines,
m corresponds to temperature at which 50% of enzyme is denatured.
-1,3–1,4-glucanase compared to the enzymes from Bacillus amy-
loliquefaciens (5 kcal/mol) and B. macerans (13kcal/mol) [29]. A
hybrid glucanaseH(A16-M), inwhich the 16N-terminal amino acid
of the B. macerans glucanase was replaced by corresponding region
of B. amyloliquefaciens enzyme, shows the higher stability with a
GH2O of 14 and 15kcal/mol, when complexed with Na
+ and Ca2+
respectively [29], conﬁrming that the N-terminal loop in bacterial
-1,3–1,4-glucanases contributes to the structural determinants
of thermostability [33]. Comparison of the -1,3–1,4-glucanase
amino acid sequences from B. subtilis (Genbank No. NP 391786.1),
B. amyloliquefaciens (ABY71827.1) and B. macerans (AAO66468.1)
shows that although all three enzymes show substitutions both in
the N-terminal and C-terminal regions [9], the positions of these
substitutions do not form clusters in the 3D-structure, which may
indicate that the structural determinants of thermal stability are
dispersed throughout the protein.
4. ConclusionsThestructureof a-1,3–1,4-glucanase fromB. subtilis168shows
the canonical jelly-roll architecture typical of the GH16 glucohy-
drolases, and the results of SAXS, DLS and AUC experiments have
conﬁrmed that the enzyme is monomeric in solution. Biochemical
characterization revealed catalytic properties similar to those of
Journal Identiﬁcation = PRBI Article Identiﬁcation = 9168 Date: March 22, 2011 Time: 7:20pm
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